Introduction
Estimates of the pressure effect on the melting temperature of materials believed to make up the interior of the Earth are obviously not new in geophysics. The implications of the melting temperature for the Earth are manifold. It is well-known that the melting temperature of mantle materials sets an upper limit to the present temperatures in the mantle and that the melting curve in the mantle may define, or provide an estimate of, the initial temperatures in the Earth for some models of the origin of the Earth. Furthermore, melting behavior of mantle materials at high pressures relates to the generation and evolution of magmas. An estimate of the melting curve in the core may provide the "true" temperatures in the present core, grant the mechanisms for the geodynamo in the outer core and provide information on the origin and evolution of the Earth.
In this article, I first attempted to derive the relative melting temperature distributions in each major section inside the Earth based on observed seismic velocities. In order to estimate the melting temperature distribution, it is inevitable that one at least assumes what the possible materials which make up the different parts of the Earth are and the melting temperatures of these materials at specific pressures. Then, the variations of melting temperature with depth in each major section can easily be calculated. It was not intended, in this article, to discuss any details of the materials which make up the different sections of the Earth or what the melting temperatures of these materials are at specific pressures. Assuming that these data are readily available, I devoted my effort to estimating the melting temperatures in each major section inside the Earth.
As constrained by the melting temperature distributions, the present temperatures deep inside the Earth may also be estimated. Our knowledge of both melting temperatures and present temperature distributions can yield powerful insights into the thermal and dynamic evolution of the Earth. Liu (1995) recently demonstrated that the nature of the Clapeyron slopes of the melting temperature profiles in the vicinity of each major seismic discontinuity can provide information as to whether the solid-solid phase transitions which cause seismic discontinuities possess a positive or a negative Clapeyron slope. Otherwise, seismic discontinuity may be simply caused by a chemical change. Thus, the nature of each major seismic discontinuity inside the Earth is also investigated based on this criterion in this article.
Melting Temperature in the Earth

Melting at high pressures
In an one-component system, Clapeyron's equation applies to all phase boundaries (solid-solid, solid-liquid, etc.) in a temperature-pressure field. Thus, along a solid-liquid boundary, Clapeyron's equation gives (1) (4) where the subscript denotes a specific depth, which is 100 km in Uffen's treatment. Equation (4) would generate a discontinuity along the melting curve when it is intercepted by a solid-solid phase transition boundary (the triple point of two solid and one liquid phases in a one-component system), which is thermodynamically impossible, as pointed out by Clark (1963) . This impossibility is mainly caused by Uffen's assumption that Lindemann's parameter is the same, even across a triple point, at all pressures. If one assumes that Lindemann's parameter is the same for a given material having the same crystal structure at all pressures, then this problem can be circumvented. In this case, Eq. (4) should have the following formula, Ohtani (1983) utilized the empirical Simon's (Simon, 1953) and Kraut-Kennedy's (Kraut and Kennedy, 1966 ) melting equations to estimate the melting curve for the Earth's lower mantle. Although his approach is reasonable because the lower mantle is generally accepted as homogeneous in both chemistry and crystal structure, the lengthy extrapolation of these empirical equations for a pressure range of more than 1,000 kbar pressure lacks any theoretical basis. Stacey and Irvine (1977) derived a differential Lindemann law which relates the melting gradient to the bulk modulus and the Gruneisen parameter of a solid. A similar formula was also derived by Poirier (1986) from the dislocation theory of melting. Although these laws may be superior to Eq. (4), the difficulty of knowing the distribution of the Gruneisen parameter inside the Earth might hinder the direct application of these laws to the Earth's mantle. Thus, I propose, in this study, to use Uffen's theoretical approach, but to treat each major division inside the Earth separately. By doing so, it is assumed that Eq. (4) is applicable to each major division having basically the same crystal structure.
Identifying the Debye characteristic frequency with Lindemann's melting criterion, Uffen (1952) derived the following equation, (6) for the Debye solid model. The same form was also derived and used by Gilvarry (1957) . In Uffen's approach, he related the solid models proposed by Einstein (1911) and Debye (1912) to Lindemann's melting criterion to obtain Eqs. (4) and (6). Similarly, on the basis of the distribution function for the frequencies of "classic" harmonic oscillator in an enclosure of volume, from which the Debye characteristic frequency was originally derived, one finds that (7) where v is the vibrational frequency, v is the volume occupied by N molecules, and V is the elastic wave velocity of a liquid. Following Uffen's approach, one may also relate the vibrational frequency of a liquid approaching solidification to Lindemann's "melting" criterion . Thus, one obtains the following solidification equation,
where Ts is the solidification temperature and M is the molecular weight of the liquid. In a one-component system, this solidification equation should be identical to the melting equation. By normalizing the solidification temperature of Eq. (8) to that at a specific depth, one finds that (9) if the material throughout the depth range is the same. If Vs is assumed to be zero in Eqs. (3) and (4), it is found that Eq. (9) is identical to Eq. (4). This is not surprising because Einstein's model assumes a single fundamental frequency for the solid. It is understood that Vp and Vs in Eqs. (3), (4), and (6) should be the seismic velocities of solids along a melting curve, and V in Eq. (9) that of the liquid along a melting curve. V in Eq. (9) may be available for the Earth's outer core, but Vp and Vs in Eqs. (3), (4), and (6) are not available for the other parts of the Earth. Thus, it has been assumed that the melting temperature gradients for the materials inside the Earth may not be too far apart from the present temperature gradients at the various major parts inside the Earth. The procedure of taking a relative ratio using the seismic velocity data observed along the present temperature profile, as shown in Eqs. (4), (6), and (9), might minimize the possible error in this approach. In principle, Eqs. (4), (6), and (9) are applicable only to a one-component system. If their applications can be extended to a multi-component system, Eqs. (4) and (6) should represent a solidus and Eq. (9) a liquidus. The implications of a one-component system for the Earth's interior are widely adopted in geophysical literature as a first approximation.
Melting gradients inside the Earth
On the basis of the PREM model tabulated by Dziewonski and Anderson (1981) and Eqs. (4) and (6), the melting temperature gradients in the Earth's mantle can be calculated and are shown in Fig. 1 . Information provided in this figure should be the same as that provided by Uffen in 1952, except that updated seismological data were used and the initial depth of the temperature gradient was normalized at 24 km instead of 100 km as used by Uffen (1952) . Also, Uffen (1952) used an averaged value of the Einstein and Debye models. Of course, a similar figure may also be derived from other recent seismic data such as the iasp91 of Kennett and Engdahl (1991) , but there is little significant difference as will be seen in Figs. 2 and 3. Fig. 1 . Relative melting temperatures (normalized at 220 km) in the mantle derived from the observed seismic velocities of the PREM model using Uffen's approach (Uffen, 1952) , which relates the Einstein and Debye solid models to Lindemann's melting criterion.
From both Fig. 1 and PREM, it is clear that there are major seismic discontinuities at 24, 220, 400, and 670 km in the mantle (the dotted vertical lines in Fig. 1) , and at the mantle-core and the outer-inner core boundaries. Discontinuous changes in the slope of the seismic profiles are also proposed at 600 km in the transition zone and at 771 and 2,741 km in the lower mantle in PREM. These latter changes are also apparent along the melting curves shown in Fig. 1 . The discontinuities along the melting curves, corresponding to each major seismic discontinuity, in the mantle shown in Fig. 1 are not so obvious in the plot shown by Uffen (1952) . This is mainly caused by the averaged scheme and the out-of-date seismic data used by Uffen (1952) . These discontinuities along the melting curve may be what was criticized by Clark (1963) as "thermodynamically impossible." However, as pointed out by Liu (1995) , unless the solid-solid phase transition boundary which causes the seismic discontinuity possesses a Clapeyron slope of d the depth of the seismic discontinuity does not correspond to the same depth at which the triple point along the melting curve takes place. The fact that the solid-solid phase transition boundaries in all the mantle silicates possess a dT/dP far from cc (see, e.g., Liu and Bassett, 1986) confirms that the discontinuities along the melting curve shown in Fig. 1 are correct. In Fig. 1 , one of the two melting curves at each discontinuity should represent a metastable phase unless the seismic discontinuity is caused by a chemical change. The question of which side of the discontinuity is metastable hinges on whether the solid-solid transition boundary possesses a positive or a negative Clapeyron slope.
The seismic discontinuities inside the Earth are caused by either a change in chemical composition or a change in crystal structure of material with the same chemical composition, which is also known as a phase transition. Typical examples for the former are the crust-mantle and the mantle-core boundaries, and that for the latter are some or all of the boundaries in the mantle (see more discussion later). In any case, Eqs. (4), (6), and (9) should be applicable only to each major division of the Earth's interior. Thus, the melting temperature gradients shown in Fig. 1 should be normalized at the beginning of each major division instead of at 24 km. If this correction is made (ignoring the discontinuous changes in slope at 600, 771, and 2,741 km) and the data of the cores are also incorporated, one obtains the melting temperature gradients of the entire Earth as shown in Fig. 2 . In doing so, the data shown in Fig. 2 should circumvent whatever was the reason for Clark's criticism (Clark, 1963) of this approach.
For comparison, similar data derived from the iasp91 model are also shown in Fig. 3 . As can be seen, there is little difference in the lower mantle, outer core and inner core between these two seismic models. The difference between the two models in the depth range of 210 to 670 km is also insignificant, but that above 210 km is rather obvious. The relative melting temperatures of both the Einstein and Debye solid models in PREM decrease with depth below the 200-km seismic discontinuity (Fig. 2) . In iasp91, the relative melting temperature derived from the Einstein model starts to decrease slightly with depth but then increases abruptly afterwards, whereas that from the Debye model increases steadily and slowly with increasing depth in the same depth region (Fig. 3) . These features are perhaps due to the existence of a lower velocity zone in this depth range, which in effect may be caused by the presence of water or hydrous minerals (e.g., Liu, 1989) . The melting behavior in such a shallow depth region has been the Fig. 2 . The same data as in Fig. 1 , but for the whole Earth and normalized at each major seismic discontinuity. Fig. 3 . The same as in Fig. 2 for the iasp91 Earth model. subject of great interest and involves a great deal of direct experimental studies in geology (e.g., Kushiro et al., 1976; Herzberg, 1987) , and it is not intended to address any further details here.
Melting temperature profile
In order to estimate the "true" melting temperatures inside the Earth, one has to make a few more assumptions (e.g., the materials which make up each division of the and Takahashi, 1987) and of a chondritic composition (Ohtani and Sawamoto, 1987) . The lines marked 1 and 2 are respectively the melting curves of MgSiO3-perovskite "measured" by Heinz and Jeanloz (1987) and Zerr and Boehler (1993) . The crosses represent recent estimates of the melting temperature of iron at the outer-inner core boundary (displaced at 75 km below the boundary for clarity); from top to bottom are Stevenson (1981) , Anderson (1986) , Brown and McQueen (1982) , Spiliopoulos and Stacey (1984) and Anderson (1982 however, Zerr and Boehler (1993) reported that the slope of the melting temperature of MgSiO3-perovskite was "measured" to be much greater than that reported by Heinz and Jeanloz (1987) . While the contradictory results are debated between the opposites (Heinz et al, 1994; Boehler and Zerr, 1994) , there are several fundamental difficulties involved in both techniques in utilizing the diamond-anvil cell for the measurement of silicate melts at such high pressures. The results of the latter two studies are denoted by lines 1 and 2 in Fig. 4 . It might be totally fortuitous that the results of this study fall right in the middle of those reported by Heinz and Jeanloz (1987) and Zerr and Boehler (1993) . Also shown in Fig. 4 (the dotted lines) are the solidus of peridotite measured by Ito and Takahashi (1987) and that of a chondritic composition measured by Ohtani and Sawamoto (1987) . The solidus measured by the latter is some 200 deg lower than that reported by the former, but the trend is about the same and parallels that of the present estimate. The solidus of the enstatite-forsterite join reported by Gasparik (1992) is nearly identical to the data of Ito and Takahashi (1987) . The experimental solidii are all slightly lower than the present estimate. This is reasonable because the initial temperatures at 220 and 670 km in this study were assumed to be the melting temperatures of forsterite and MgSiO3-perovskite, respectively. The presence of other components in the experimental studies would slightly reduce the melting temperatures estimated in this study.
The melting temperature distribution in the lower mantle, using the empirical Simon equation derived by Ohtani (1983) , is shown by the chain line in Fig. 4 . As it can be seen, Ohtani's estimate is close to that "measured" by Zerr and Boehler (1993) , who commented however that the close agreement may be fortuitous. Ohtani's estimate is not in line with the present results. In view of the melting temperatures of the core, to be discussed later, Ohtani's estimate is likely to be too high for the lower mantle. As commented earlier, this most likely results from the lengthy extrapolation required using an empirical melting law.
Numerous attempts were made to estimate the melting temperature of iron at the conditions of the outer-inner core boundary (e.g., see the list provided by Poirier, 1986) . In Fig. 4 , only those estimates after the 80's are shown. Except for the three most recent estimates of Poirier (1986) , Williams et al. (1987) and Boehler (1993) , which were displayed at the outer-inner core boundary, all other estimates of the 80's were displaced at 75 km below the outer-inner core boundary on purpose for clarity. Both Poirier (1986) and Williams et al. (1987) estimated not only the melting temperature (the solid symbols in Fig. 4 ) of iron at the outer-inner core boundary, but also the "real" temperatures of the core at the mantle-core and outer-inner core boundaries (the open symbols in Fig. 4) . The melting temperature of iron was claimed to be measured at the mantle-core boundary and extrapolated to the outer-inner core boundary by Boehler (1993). As pointed out earlier, there are fundamental difficulties in utilizing the diamond-anvil cell for measuring melting at such high pressures. Thus, the results of Boehler (1993) must be regarded as tentative.
It is clear, from Fig. 4 , the estimates of Williams et al. (1987) are 1,000 deg or more higher than those of Poirier (1986) . In this connection, the melting temperatures of iron at the conditions of the mantle-core and outer-inner core boundaries estimated by Liu L. Liu (1975) were also displayed in Fig.  4 (i.e., the melting temperature gradient inside the Earth may not be far from the present temperature gradient at the various parts inside the Earth), a temperature profile such as the one shown by the solid line in Fig. 5(b) should be proposed. In this case, the composition of the outer core is different from that of the inner core, and the melting temperature of the outer core material is lower than that of the inner core material at the outer-inner core boundary. This model seems to be most acceptable, if one accepts that the outer core may contain some 10wt% of light elements. The feature of Fig. 5(b) is also consistent with the conclusions concerning the outer-inner core boundary to be discussed in the next section. By extrapolation, all these profiles yield a temperature at the center of the Earth below ca. 8,000 K. Without further constraints, of course, this approach is still rather arbitrary, but reasonable as well.
Chemical and/or Phase Changes
As mentioned earlier, the seismic discontinuities observed inside the Earth are caused by either a phase or a chemical change at that depth. When the melting temperature of each major division of the Earth is normalized by the melting temperatures at the end and beginning of each division, the normalized melting temperatures (Tm/Tm ,z) Relative melting temperatures in various parts of the Earth. These data were derived from PREM, as those shown in Fig. 2 
